Introduction

23
The ultimate function of the brain is to orchestrate an organism's behaviour appropriately according 24 to its current environment. Behavioural techniques are therefore an important tool in neuroscience 25 research (Tzschentke, 2007; Crawley, 2008 One core technique of behavioural analysis, operant conditioning (Skinner, 1938) , has seen advances 39 in automation, but these approaches often still require an experimenter to be present ( of variability. Strikingly it has been shown that the mere presence of an experimenter even without 47 manual handling of the animals can affect experimental outcomes (Sorge et al., 2014) . Animals may 48 also need to be water restricted to motivate them to perform behavioural tasks which can lead to 49 significantly altered physiological state in some cases (Cai et al., 2006; Bekkevold et al., 2013 ) and/or 50 over-motivation effects leading to skewed behavioural performance results (Berditchevskaia, Cazé 51 and Schultz, 2016). 52
Taken together these unintended features of behavioural experimentation can create a level of 53 unreliability in experimental data, and reduce the consistency of results across experiments and labs. 54
The manual component of behavioural methods also creates a 'bottleneck' which limits the volume 55 of experimental data that can be collected in comparison to other techniques, thereby contributing 56 to low sampling and statistical power (Button et al., 2013) . This bottleneck can impede systematic 57 analysis of subtle behavioural phenotypes, for example by limiting the extent to which parameter 58 space can be explored. 59
One case of this kind of limitation is in discussion of the function and mechanism of the early 60 mammalian olfactory system. Results of lesioning experiments (Lu and Slotnick, 1998 ; McBride and 61 Slotnick, 2006; Slotnick, 2007) in the mouse olfactory bulb and from knockout mice with OSN axon 62 guidance defects (Knott et al., 2012) have been interpreted as evidence that relatively large 63 disruptions to the olfactory bulb have little effect on olfactory function (Laurent, 1999; Wilson and 64 Mainen, 2006) . By contrast, other studies report conflicting results (Johnson and Leon, 2007) , for 65 example that major disruptions cause deficiencies in odour recognition and discrimination, whilst 66 even minor disruptions can affect recognition (Bracey et al., 2013) . 67
One explanation for these apparently divergent lines of evidence is that the parameter space of both 68 olfactory system disruption and olfactory behaviour are not sufficiently explored. To address this, it is 69 necessary to employ a systematic approach where graded disruptions to the olfactory system are 70 performed in conjunction with olfactory tasks of varying complexity. 71
We here describe the development of a fully automated operant conditioning system -AutonoMouse 72 -for socially housed mice that allows simultaneous training and testing of cohorts of up to 25 mice 73 continuously over periods of several months without water restriction. We apply AutonoMouse to 74 systematically analyse performance in a range of olfactory tasks before and after lesions of the 75 olfactory bulb of varying size. Furthermore, we provide components lists, layouts, construction 76 drawings, and step-by-step instructions for its construction as well as software and manuals in the 77 appendix to facilitate setup in other labs. 78
Results
79
AutonoMouse Design Each mouse is individually tagged with a radio-frequency identification (RFID) chip such that individual 82 performance can be monitored (Voikar et ). This can be interpreted in a number of ways. 202
One interpretation is that animals that are generally accurate in the behavioural task tend to perform 203 more trials than animals that have not sufficiently learned the task. Another interpretation is that 204 performance tends to increase over continuous stretches of trials, and increases sufficiently that long 205 stretches of trials will inevitably have higher mean performance scores, regardless of the initial 206 behavioural ability of the animal. 207
Mice are crepuscular animals and their activity patterns while housed in AutonoMouse closely 208 followed the internal day-night cycle of the system ( fig. 2c, We asked whether there was an appreciable difference in the learning quality of different animals 339 housed in the system, based on the observation that learning rates in the initial stages of various odour 340 tasks were variable across animals (see Tables 1-3 ( fig. 5a) Assessment of graded olfactory bulb lesions on olfactory discrimination 413 The large number of trials and tasks that can be acquired with AutonoMouse now allows us to tackle 414 aforementioned behavioural questions more systematically. We investigated the extent of OB 415 disruption required to produce complete anosmia, as well as phenotypes observed when OB challenge 416 was below this threshold. We thus subjected a total of 29 animals in 3 cohorts to stereotaxically 417 directed OB injections of N-methyl-D-aspartate (NMDA) in varying amounts to produce graded OB 418 lesions. Volume microCT analysis confirmed that varying NMDA amount between 303 and 2125ng 419 resulted in lesions of varying size up to an extent that only fragments of OB tissue were visible at the 420 largest amount (supp. fig. 1 ). 421
visualisation). Thick black lines indicate the mean of the group pre-and postnew valve introduction. (f1), (f2), (g1), (g2) Same analysis as in (e1), (e2) but for novel and familiar odour pair discrimination respectively. h) Performance in a standard odour pair discrimination (EB vs. AA) followed by diversion of the odour stream in the olfactometer final valve (mean +/-sem). Performance analyses in 100 trial bins for each animal.
Quality of conditioning in AutonoMouse
We first investigated lesion-induced anosmia in a cohort by training animals on a battery of odour 422 discrimination tasks before and after OB excitotoxic (2125ng NMDA, n = 8) or sham lesions (1% PBS, n 423 = 6) with a range of odour pairs (Cinn. = Cinnamaldehyde, ACP = Acteophenone, EB = Ethyl butyrate, 424 AA = Amyl acetate, V = Vanillin, P = Phenylethyl alcohol, CN = Cineol, EU = Eugenol, 2H = 2-Heptanone). 425
Both groups reached high levels of performance accuracy before lesion induction ( fig. 6a) performance data for all animals was pooled according to task identity ( fig. 6b-g ). Performance for a 480 familiar odour pair was consistently higher than for other tasks. Novel general odour pair tasks 481 ("Novel", "NTS") were performed with significantly lower accuracy in the first 100 trials (ANOVA with  482 Tukey-Kramer correction for multiple comparisons, F = 65.13, p = 1.46x10
a) Normalised number of trials performed vs. the amount of reward delivered on each correct trial (n = 4 mice, 100% reward = 12μl). Mice perform fewer trials with larger reward volumes (roughly according to the red line of constant daily water intake (red: trials x reward=const line)). (b) Number of trials per vs. recorded day's weight in a separate cohort (n = 29
-28
); with binary mixture 483 discrimination tasks performed at lower accuracy still. Thus, our battery of olfactory discrimination 484 tasks were variably demanding to complete accurately. 485
486
We next asked what odour discrimination capability remained in animals with less extensive lesions 487 than those used to produce complete anosmia. Animals administered with smaller NMDA amounts 488 (303.6-607.2ng NMDA), and therefore presumptively smaller OB lesions, readily learned to 489 discriminate a novel odour pair (Fig. 7a1 ). Both asymptotic performance as well as learning rate were 490 indistinguishable from sham injected animals (Fig. 7a3) . Animals with larger lesions (1214-1669.8 ng 491 NMDA) also showed above chance performance (Fig. 7a1) but attained criterion level performance at 527 a slower rate. Final performance was marginally less than the sham and small lesion groups though 528 statistically indistinguishable (Fig. 7a3) . 529
Although all lesion groups (except "full lesion" animals that were anosmic, Fig 6a) were capable of 530 performing simple binary discriminations of odours, when groups were presented with an odour pair 531 learned prior to lesion induction (Fig. 7b) , a more subtle phenotype was observed. Performance was 532 generally similar to the novel odour case with the small lesion group reaching comparable accuracy to 533 sham animals and the large lesion group reaching consistent above-chance performance. In the early 534 stages of the task, however, a substantial reduction in performance was already observed for the small 535 lesion groups (relative to sham) (Fig. 7b3) . This difference was significant relative to sham animals in 536 the first 10 trials of the task where performance of the small lesion group was also not statistically 537 larger than chance. The small lesion group then quickly regained comparable performance to sham 538 animals within the first 20-40 trials of the task. This suggests that, for a relatively small OB lesion, the 539 ability to quickly learn a new odour pair discrimination is largely unaffected but recognition of a 540 previously learned pair is significantly diminished. 541
Mice were also trained to perform an additional simple binary odour discrimination in which the 542 odours were non-trigeminal activating in order to determine the extent to which lesion group 543 discrimination might be based on differential trigeminus activation between odours ( Fig. 7c) (Fig. 7c2,3) . However, in contrast to the case of a trigeminal-activating odour 547 discrimination (Fig. 7a ) the initial learning rate in the small lesion group was more substantially (and 548 significantly) impaired compared to sham. 549
The largest difference between groups was observed for non-trigeminal mixture discrimination (NTM) 550 (Fig. 7d) . In this case, both lesion groups performed significantly worse than controls for several 551 hundreds of trials (Fig. 7d3) . In particular, the small lesion group showed a marked reduction in 552 performance compared to sham. Given that for simple non-trigeminal discrimination (NTS) this group 553 in many periods exceeded sham performance, this suggests that the additional complexity of mixture 554 discrimination poses a significant challenge for even a mildly impaired olfactory bulb. 555
These results indicate that a damaged OB can cope relatively easily with simple odour discrimination 556 tasks and that tasks of this nature are not sufficient to reveal the phenotype change associated with 557 this damage. By looking in more detail at odour pair recognition, and ability in the case of increasing 558 task demands such as mixture discrimination, significant impairments can be observed with even 559 relatively mild OB damage. 560 b1)-(b3), (c1)-(c3) and (d1)-(d3) are as in (a1)-(a3) but for a familiar training animals in the intended behavioural task, building up a 'stock' of trained animals through 586 simultaneous training. These animals could then be transferred to a head-fixed setting on achieving a 587 reliable criterion level, circumventing the laborious task of manual training. 588
The general design principle of AutonoMouse can be applied to a range of experimental requirements, 589 giving it some advantage over current RFID based mouse behaviour systems generally designed for 590 specific tasks (e.g. IntelliCage, (Voikar et al., 2010) 
Assessment of graded olfactory bulb lesion effects
610
In this study we use AutonoMouse to systematically investigate the effect of excitotoxic lesions of the 611 OB on olfactory discrimination performance. The results of this investigation address a recurring 612 controversy in the literature regarding redundancy of OB (spatial) odour coding and the general effect 613 of lesions on olfactory perception. Near-complete bulbar lesions resulted in anosmia, though 614 performance in simple discrimination tasks remained intact with large but less extensive lesions. 615
Reductions in performance were observed for the largest non-anosmic group only for non-trigeminal 616 discrimination tasks. For small lesions, significant deficits in performance were observed only for 617 familiar odour tasks in which odour recognition was the tested variable. 618
That odour recognition is the only behaviour consistently affected for all lesion extents suggests that 619 retention of odour identity perception is particularly sensitive to OB disruption. The reduction of 620 performance in this task was not due to inability to perform general odour discriminations as all groups 621 with odour recognition deficits were largely still able to learn novel odour pair discriminations. This is 622 in agreement with previous findings (Bracey et al., 2013) where it was also reported that transient 623 decreases in performance accuracy occur for odour recognition tasks (after nasal epithelium lesioning) 624 followed by rapid re-learning. Together with our findings this suggests that odour recognition is based 625 on stimulus input matching to previously learned perceptual 'templates' which are degraded by 626 lesioning resulting in perception of a previously learned odour as novel. The ability to re-learn this 627 apparently novel odour is largely unaffected, thus the rapid increase in performance accuracy within 628 only a few 10s of trials. 629
Simple odour discrimination was only significantly impaired once non-trigeminal odour pairs were 630 introduced, suggesting some odour pairs might be discriminable in part due to differential activation 631 of the trigeminal nerve. This could account for some of the discrepancies in previous studies that 632 observe no loss of discrimination ability even with extensive lesions. Intact performance in these cases 633 could be based on trigeminal rather than olfactory processing. It should be noted, however, that the 634 largest OB lesions did result in complete anosmia suggesting that trigeminal processing is not sufficient 635 for odour discrimination. We did not image the trigeminal nerve after lesion induction but given that 636 the spread of tissue damage was relatively local in our lesions (sup. Fig. 1 ) it is unlikely that our method 637 induced damage in the trigeminal pathway. Furthermore, this nerve is well separated anatomically 638 from the OB in rodents (Bechara et al., 2015) although we cannot exclude effects on the trigeminal 639 nerve through ethmoid collaterals in the olfactory bulb (Schaefer et al., 2002) . 640
Our results go some way to reconciling conflicting views on OB redundancy (Lu and Slotnick, 1998 ElectronicsModules section of the autonomouse-design repository and appendix fig. 11 ). 685
IR module
686
Inputs from the IR beams were managed with custom electronics (see ir-logic.sch in the 687
ElectronicsModules section of the autonomouse-design repository and appendix fig. 12 ). This module 688 powered and received input from IR beam detectors and relayed the on-off logic to other modules. 689
Door module
690
Actuation of the door was controlled with custom electronics (see door-close.sch in the 691
ElectronicsModules section of the autonomouse-design repository and appendix fig. 13 ). This module 692 received input from IR sensors and actuated the rotary magnet according to sensor input. When an 693 animal was present in either the access tunnel or behaviour port, an IR beam was broken and the door 694 was closed ensuring that only 1 animal had access to the behaviour port at a time. 695
RFID module
696
The identity of the animal in the behaviour port was read out with an RFID detector and decoder 697
( 
RFID implant
715
Before being housed in AutonoMouse, all mice underwent an RFID implant surgery such that they 716 could be individually identified by the system. Mice were anaesthetised under isoflurane (induction: 717 5% in O2 2l/min, maintenance: 2%) and placed on a heat pad for maintenance of body temperature 718 during the surgery. The fur around the base of the neck and scruff was shaved away and the skin 719 cleaned with chlorhexidine (1%) and then dried with a sterile swab. A pre-sterilised needle (IM-200, 720 RFID Systems Ltd., Yorkshire, UK) containing an RFID chip (ID-100B, RFID Systems Ltd., Yorkshire, UK) 721 was then loaded onto a plunger and inserted into the loose skin at the base of the neck. The plunger 722 was used to push the chip out of the needle before removing the needle, leaving the RFID chip 723 implanted under the skin. Forceps were then used to pinch shut the incision made by the needle and 724 medical superglue (Vetbond, 3M, Maplewood MN, USA) was applied to seal the wound. Animals were 725 returned to an individual cage for 10 minutes following the surgery to recover from anaesthesia and 726 for the superglue to dry. Once righting reflex was regained and the wound was confirmed as properly 727 sealed the mouse was returned to the group cage with its cohort. Very rarely (1/67 of mice undergoing 728 the surgery) an animal might display some skin irritation over the RFID implant wound. In this case 729 topical ointment (Dermisol, Zoetis, Surrey, UK) was applied daily until the irritation receded. 730
Lesion induction
731
Prior to surgery all utilised surfaces and apparatus were sterilised with 1% trigene. Surgical 732 instruments were sterilised in an autoclave. Surgery was carried out with standard aseptic technique. 733
A glass injection pipette, pulled on a capillary tube puller (P-1000, Sutter Instrument, CA USA) and 734 broken off to approx. 15μm diameter was back-filled with either NMDA (Sigma-Aldrich, St. Louis MO, 735 USA) (10mg/ml diluted in 1% PBS) or 1% PBS and inserted into the injector apparatus (Nanoject II, 736
Drummond Scientific, PA USA). Mice were anaesthetised with ketamine/xylazine solution via 737 intraperitoneal injection (Vetalar/Rompun; 80mg/kg / 10mg/kg) and placed on a warm heat pad. 738
Depth of anaesthesia was monitored throughout the procedure by testing toe-pinch reflex. The fur on 739 the skull extending from the base of the head to the tip of the nose was shaved away and cleaned 740 with 1% clorhexidine scrub. Mice were then placed on a thermoregulator ( Odour stimuli were delivered with a custom-built 8 channel olfactometer (see fig. 3 ) with two parallel 800 input lines. Parallel lines were controlled separately and one odour input from each line could 801 therefore be delivered to the odour carrier air stream simultaneously. Odour concentration delivered 802 to the main odour carrier air stream was controlled by varying the flow and pressure levels in the 803 parallel input lines. The stimulus given to the behaving animal was controlled by switching between a 804 clean air and odourised air flow line via a 5-way solenoid valve (VK3210, SMC, Tokyo, Japan). 805
Where pure odours were delivered to the animal (e.g. in a pulse of EB), the final odour stimulus was 806 generated by triggering (at random) a set of valves from each parallel input line connected to the 807 odour source of choice. Where binary mixtures of odours were delivered (e.g. in an EB/AA 6/4 pulse) 808 the valve choice was also randomised but each input line delivered a separate odour. Each input line 809 contained two S+ sources and two S-sources. Therefore, the sequence of valves used to deliver either 810 an S+ or S-stimulus had 4 possible combinations for pure odour stimuli, and 8 possible combinations 811 for binary mixtures. Chosen at random, these combinations ensured that animals were unlikely to 812 learn to discriminate the noise of valve opening rather than odour stimulation. 813
To ensure that the odour stimuli were the only salient signals that were learned in the discrimination 814 task, control stimuli were designed in which the number of active valves was gradually increased. 815
Initially, animals would be trained on only 4 valves (1 odour 1, 1 odour 2, 2 blank), typically for several 816 hundred trials. At some point during training, 2 new valves were introduced to stimulus production 817 and training continued. Finally another 2 valves were added and the full set of 8 was used to generate 818 stimuli. The transition between valve numbers was automated so there was no additional time delay 819 from one case to the other. By comparing performance before and after introduction of new valves, 820
we could confirm that mice were truly using only the odour signals to discriminate. If performance 821 dropped after introduction of the new valves it was an indication that some extraneous cue to do with 822 e.g. the noise of valve switching was being learned in addition to or instead of the odour signal. 823
Experiment initiation and maintenance
824
After being implanted with an RFID chip, animals were weighed and transferred into the common 825 home cage of AutonoMouse. In general, the first behavioural task assigned to all animals was a pre-826 training task designed to train animals to reliably gain their water intake from the behavioural port, 827
and in which reward could be gained on all trials: 828 1. Water delivered as soon as animal detected in behaviour port (10 trials) 829 2. Animal must lick at least once to gain water reward once detected in behaviour port (50 trials) 830 3. The percentage of total trial time (2s) that the animal must lick to gain a water reward is 831 increased (up to 10% of trial length) (100 trials) 832
Each water reward was initially 15μl. This was adjusted to 10-30μl depending on animal performance 833 (to ensure all mice performed roughly the same number of trials per day). During performance of 834 these trials, animal weight was monitored daily, in addition to number of trials performed, to ensure 835 that animals were indeed gaining their necessary daily water from the water rewards in the behaviour 836 port. If any animal dropped more than 5% in weight from the previous day, it was removed from the 837 system and given water ad libitum for 10 minutes before being returned to the system. Any animal 838 that consistently performed <100 trials per day or consistently dropped in weight (more than 2 days 839 in a row) was isolated in the behaviour port and manually given water rewards from the lick port. Any 840 animal that still dropped in weight or performed <100 trials per day after this treatment was removed 841 from the cohort (<10% of all animals were removed due to low performance). 842
For the first two weeks of any AutonoMouse experiment, animal weights were checked daily to ensure 843 health status of the. After two weeks, weight was manually checked more infrequently (every 4-5 844 days) but total trials performed was monitored daily to ensure animals had all performed >100 trials 845 in the last 24 hours. Any animals not meeting this criterion were given water ad libitum for 10 minutes 846 and then returned to the system. 847
The system was designed for bedding exchange without direct human-animal contact: A panel 848 beneath the cage was removed to allow loose bedding to fall through a mesh into a removable drawer. 849
This was routinely performed when bedding was soiled (<1 per week). Meanwhile, bedding in nests 850 inside mouse houses could be left unperturbed. Afterwards, the panel was replaced and bedding 851 refilled from the top. During this procedure -typically occurring during the day time -mice would 852 either sleep in their nests or reside in the upper behavioural area. Thus minimal disturbance and no 853 direct human-mouse contact were needed. Mice could be confined to the home cage via an access 854 panel (appendix fig. 7b (ii)) to allow cleaning of all parts of the upper chamber without human-animal 855 contact. 856
For "deep cleaning" the AutonoMouse system animals were transferred to a temporary group cage 857 along with any loose bedding. Any areas with animal contact were removed and soaked in disinfectant 858 (Trigene, Ceva, Glenorie NSW, Australia), cleaned and dried. The (AutonoMouse) cage floor bedding 859 was removed and replaced using the quick-removable bedding tray (appendix fig. 6c, 10) . Animals 860 were then transferred back into the system along with loose bedding. 861
Task structure
862
All tasks following the pre-training phase followed a standard go/no-go training paradigm. Animals 863 were presented with either S+ rewarded odour or S-unrewarded odour (reward is reversed for 864 roughly half the experimental group, e.g. in a group of 20 learning an EB (ethyl butyrate) vs. AA 865 (isopentyl acetate) task, 10 are trained on EB as the S+ stimulus and 10 are trained on AA as the S+ 866 stimulus) triggered by animal presence in the behavioural port. A water reward could be gained by 867 licking in at least 3 of the response period quarters following S+ odour presentation. Licking in at least 868 3 of the response period quarters during S-presentation resulted in an increased 'timeout' inter-trial 869 interval (8-12s), in all other response cases the inter-trial interval was 4s and no water reward was 870 delivered. Various kinds of discrimination tasks were presented to the experimental cohort. The 871 terminologies, structure and primary purposes of these tasks are listed below: 872
Initial
873
The "initial" task was the first olfactory discrimination task presented after pre-training was complete. 874
The purpose of this task was primarily to determine that all animals were capable of olfactory 875 discrimination, and served as an initial version of the "novel" task. 876
Novel
877
A "novel" task was any olfactory discrimination between two pure odours in which the odours had 878 never been previously presented to the animal. The purpose of this task was to determine the speed 879 of task acquisition and confirm ability to perform discrimination for multiple odour pairs. 880
Familiar
881
A "familiar" task was any olfactory discrimination between two pure odours in which the animal had 882 previously performed a discrimination task with the same two odours. The purpose of this task was to 883 probe recognition and memory of acquired task learning. 884
Non-trigeminal simple (NTS) 885 An "NTS" task was any olfactory discrimination between two pure odours in which the two odours 886 were non-trigeminally activating (vanillin and phenethyl alcohol, (Chen and Halpern, 2008) ). The 887 purpose of this task was to dissect out any contribution to learning and odour detection from 888 stimulation of the trigeminal nerve. 889
Mixture
890
A "mixture" task was an olfactory discrimination in which animals were asked to discriminate between 891 mixture ratios of two odours. For example, S+ might be odour 1 and odour 2 mixed together in a 892 60%:40% ratio, and S-might be the same odours in a 40%:60% ratio. The purpose of this task was to 893 be a more behaviourally demanding version of olfactory discrimination. 894
Non-trigeminal mixture (NTM) 895 An "NTM" task was the same as a mixture discrimination task, but both odours were non-trigeminally 896 activating. The purpose of this task was both to be a more behaviourally demanding version of 897 olfactory discrimination while dissecting out any contribution to learning and detection from 898 stimulation of the trigeminal nerve. 899
Auditory
924
In an "auditory" task, animals were asked to discriminate between two pure audio sine waves at 925 different frequencies. The purpose of this task within this experimental context was to ensure that 926 any changes in olfactory discrimination performance were due to changes in olfactory ability rather 927 than changes in general ability to perform go/no-go (GNG) tasks. 928
S+ / S-detection
929
In a "detection" task, animals were asked to discriminate between an odour and clean air. This 930 discrimination was either performed with the odour as S+ (S+ detection), or with the clean air as S+ 931 (S-detection). The purpose of this task was to determine an animal's ability to simply detect an odour, 932 rather than discriminate between two odours. 933
Training schedules 934 Over the course of the lesion study, 3 different cohorts (1: n = 6 female; 2: n = 14 male; 3: n = 9 male) 935 underwent a set of behavioural tasks shown in tables 
940
MicroCT imaging
941
In some cases, the brains of mice in the experimental cohort were imaged using x-ray CT imaging to 942 determine the extent of OB disruption induced by the lesion / sham surgery. The CT imaging method 943 was based on a previously described protocol (Saito and Murase, 2012) . 944
Mice were deeply anaesthetised with ketamine/xylazine solution via intraperitoneal injection 945 (Vetalar/Rompun; 80mg/kg / 10mg/kg) and sacrificed by transcardial perfusion using 1% PBS clearant 946 and 7.5% paraformaldehyde (PFA) perfusative (diluted with 1% PBS). fig. 3h ) intended as a control to ensure animals were truly using odour information to perform discrimination 
